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1 Project Objectivesand Overview

Theoverallobjective of theComplity-Adaptive ProcessingCAP) projectis to provide on-the-fly low-cost
hardwareadaptatiorso asto bettermatchhardwarecomplity andspeedo applicationdemandsthereby
dramaticallyimproving power efficiengy withoutundulycompromisingperformanceThe CAP approachs
to incorporatenovel, low-intrusive feedbackandcontrolmechanismto corventionalmicroprocessorso
asto retaintheirhigh clock ratesandhigh functionaldensitywhile bettermatchingtheir hardwareresources
to varyingapplicationphasecharacteristicsA combinationof hardvwareandsystemsoftwarecontrolseach
elementof performanceanddynamicpower: hardware compleity (switchedcapacitance)ateng, clock
frequeng, and supplyvoltage. Theseelementsare manifestedas dynamichardware structuresandfine-
grainedclockfrequeng andvoltagecontrolcircuits,andarecontrolledsoasto meetperformanc®bjectives
in themostpower-efficient mannempossible.

Thedynamichardwarestructureof the CAP projectexploit the characteristicef majormicroprocessor
hardware structures.In the very-deep-submicrometeegime, large on-chipRAM and CAM-basedstruc-
turesrequirerepeatersn their global wiresin orderto minimize propagatiordelay Theserepeatersare
convertedinto low-overheadswitchesthat electricallyisolateindividual sectionsof the structure thereby
allowing sectiongo be almostinstantaneousliurnedon or off. Theresultingdynamichardwarestructures
canbe reoganized(e.qg., resized)on-the-flyto to matchthe differenthardware requirementsf different
applicationphases.

As partof the CAP project,aMultiple Clock Domain(MCD) processomicroarchitecturés investigated.
In MCD, the processois split into multiple domainswithin which the frequeng and supplyvoltagecan
be independenthscaled. Synchronizatiortircuits assurereliable communicatioramongdomains.In this
mannerthosedomainsthat arenot a performanceottleneckfor a particularapplicationphasecanbe run
atlower frequeng andvoltage,therebysasing enegy with tolerableperformancempact. This fine-grain
voltagescalingapproachs effective acrossa wide rangeof general-purposandembeddedpplicationsjn
contrasto thelimited utility of globalvoltagescaling.

Lower power organizationahlternatvesto complex hardwarestructuresarealsobeingdevelopedaswell
asnovel circuit andsoftwaretechniquegor power reduction.A definingcharacteristiof the CAP project
is thatit synepistically combinesnnovationsatthecircuits,architectureandsoftwarelevels.

Anotherdefiningcharacteristiof the CAP projectis closetieswith leadingindustryresearctaboratories
in orderto enabletechnologytransfer Indeed,two of the PhD studentssupportedn this projectarenov
researchingpowver-aware microarchitecturandcircuits asResearctstaf Membersin industry oneat the
IBM T.J.WatsonResearclCentey andthe otherat Intel's BarcelonaResearctCenter (Oneotheris inter
viewing at IBM Austin Researctand T.J. WatsonResearch.abs, while threeare AssistantProfessorsn
academiaatthe University of Wisconsin-Madisoffistartingthis fall], the University of Utah,andRochester
Instituteof Technology) BothIBM andlintel providedtheirown fundingfor CAP researchhroughouimost
of thecontractperiod,andcontinueto do so.

2 TechnicalAccomplishments

Underthis contract,our teaminventeda wealth of novel approachegor reducingmicroprocessopower
dissipationwith minimal andareaperformancecosts. Thesearebriefly summarizedelowv, anddescribed
in detailin theprovided publications.



2.1 Adaptive Techniquesfor Performanceand Energy [9, 10, 13,14, 15,17, 18,19, 21]

Our groupintroducedwhat we termedcompleity adaptiveprocessos to the researctcommunityin 1998
atISCA[1] andanassociatesvorkshop2]. Sincethen,thefield of adaptiveprocessing6] hasbeenavery
active areaof researchbothby ourgroup[1, 2, 3,4,5, 8,9, 10, 14, 15, 17, 18, 19,21, 58, 59, aswell asbhy
mary otherg[7, 20, 28, 29, 30, 31, 49, 50, 51,57, 60,61]. Theadaptve techniqueshatourgroupdeveloped
underthis contractareasfollows:

e AdaptivecacheandTLB hierarchies[9, 10]: A cacheandTLB layoutanddesignis devisedthatlever-
agesrepeatetnsertionto provide dynamiclow-costconfigurability tradingoff sizeandspeedon a
perapplicationphasebasis.A novel configuratiormanagemenrdlgorithmis developedthatdynami-
cally detectgphasechangesndreactso anapplications hit andmissintolerancan orderto improve
memoryhierarchyperformancevhile taking enegy consumptiorinto consideration Whenapplied
to atwo-level cacheandTLB hierarchyat 0.1um technologytheresultis anaveragel5%reduction
in cyclesperinstruction(CPl), correspondindo an average27% reductionin memory-CPl,across
a broadclassof applicationscomparedo the bestconventionaltwo-level hierarchyof comparable
size.Projectingto sub-.1um technologydesignconsiderationthatcall for athree-leel conventional
cachehierarchyfor performanceeasonsywe demonstrat¢hata configurableL2/L3 cachehierarchy
coupledwith a conventionalLl resultsin anaverage43% reductionin memoryhierarchyenegy in
additionto improved performance.

o Adaptiveissuequeuegl4, 15, 18, 19]: We performacircuit designof anissuequeueor asuperscalar
processothat leveragegransmissiorgateinsertionto provide dynamiclow-costconfigurability of
sizeandspeed.A novel circuit structuredynamicallygathersstatisticsof issuequeueactvity over
intenals of instructionexecution. Thesestatisticsarethenusedto changehe sizeof anissuequeue
organizationon-the-flyto improve issuequeueenegy and performance.Whenappliedto a fixed,
full-size issuequeuestructure the resultis up to a 70%reductionin enegy dissipation.UsingI|BM
procesgparameterandlibrariesusedin a high-endprocessqrwe determinethatthe compleity of
the additionalcircuitry is almostnegligible. Furthermore self-timedtechniquesembeddedn the
adaptve schemeprovide a 56% decreasén cycle time of the CAM array readof the issuequeue
whenwe changeheadaptve issuequeuesizefrom 32 entries(largestpossible)o 8 entries(smallest
possiblen ourdesign).

e Integrating multipleadaptivestructues,includingcades,issuequeueregisterfiles,andthe Reoder
Buffer [21]: Prior adaptve hardvarestudiesanalyzedndividual structuresandtheir control. A com-
monthemeto thesestudiess explorationof theconfiguratiorspaceanduseof systenmPCasfeedback
to guidereconfigurationHowever, whenmultiple structuresadaptin concertthe numberof possible
configurationsncreasesiramatically andassigningcausalkeffectsto IPC changebecomegproblem-
atic. To overcomethis issue,we develop designghatarereconfiguredsolely on local behaior. We
inventa novel cachedesignthat permitsdirect calculationof efficient configurations For buffer and
queuestructureslimited histagrammingpermitspreciseresizingcontrol. Whenapplyingthesetech-
nigueswe shaw enegy savingsof upto 70%ontheindividual structuresandsavingsaveraging30%
overallfor theportionof enegy attributedto thesestructureswith only anaverage2.1%performance
cost.

e Co-adaptivanstructionfetch andissue[17]: Front-endnstructiondelivery accountdor a significant
fraction of the enegy consumedn a dynamicsuperscalaprocessor The issuequeuein thesepro-
cessorsenestwo crucialroles:it bridgesthe front andbackendsof the processoandsenesasthe
window of instructionsfor the out-of- orderengine.A mismatchbetweenrthefront endproducerrate
andbackendconsumerate,andbetweerthe suppliedinstructionwindow from thefront end,andthe



requiredinstructionwindow to exploit thelevel of applicationparallelism resultsin additionalfront-
endenegy, andincreaseshe issuequeueutilization. While the formerincrease®verall processor
enegy consumptionthelatteraggraatestheissuequeuehot spotproblem.

We developa complementargombinatiorof fetchgatingandissuequeueadaptatiorio addres$oth

of theseissues.We introducean issue-centridetch gatingschemebasedon issuequeueutilization

andapplicationparallelismcharacteristics Our schemeattemptsto provide an instructionwindow

sizethatmatchesghe currentparallelismcharacteristicef the applicationwhile maintainingenough
queueentriesto avoid back-endstanation. Comparedo a corventionalfetchgatingschemebasedn

flow-ratematchingwe demonstrat@0%betteroverall enegy-delaywith a 44%additionalreduction
in issuequeueenegy. We identify Icacheenegy savings asthe largestcontritutor to the overall

savings and quantify the sourcef savingsin this structure.We thencouplethis issue-dwen fetch

gatingapproachwith anissuequeueadaptatiorschemebasedon queueutilization. While the fetch

gating schemeprovides a window of issuequeueinstructionsappropriateto the level of program
parallelism theissuequeueadaptatiorapproactshutsdown the remainingunderutilizedssuequeue
entries. Usedin tandem thesecomplementaryechniquesyield a 20% greaterissuequeueenegy

savings thanthe additionof the savings from eachtechniqueappliedin isolation. The resultof this

combinedapproachs a6% overall enegy-delaysavingscoupledwith a54%reductionin issuequeue
enegy.

e Enegy-eficientadaptiveclusteed processos [13]: Clusteredmicroarchitectureareanattractve al-
ternative to largemonolithicsuperscaladesignglueto their potentialfor higherclockratesin theface
of increasinglywire-delay-constraineprocesgechnologiesAs increasingransistorcountsallow an
increasdn the numberof clusters therebyallowing more aggressie useof instruction-leel paral-
lelism (ILP), theinterclustercommunicationncreasessdatavaluesgetspreadacrossawider area.
As aresultof theemepgenceof thistrade-of betweercommunicatiorandparallelism a subsebf the
total on-chipclustersis optimalfor performance.To matchthe hardwareto the application$ needs,
we usea robust algorithmto dynamicallytunethe clusteredarchitecture. The algorithm, which is
basedn programmetricsgatheredht periodicintenals, achiazesan 11% performancémprovement
on averageover the beststaticallydefinedarchitectureWe alsoshaw thatthe useof additionalhard-
wareandreconfiguratiorat basicblock boundariexanachiare averageimprovementsof 15% while
usingon averagefour out of eight clusters,permittingtheseclustersto be turnedoff to save power
whenthey arenot neededOur resultsdemonstrat¢éhatreconfiguratiorprovidesan effective solution
to the communicatiorandparallelismtrade-of inherentin the communication-boungrocessoref
thefuture.

A subsebf this work is summarizedn our articlein the IEEE Computerspecialissueon Paver-Aware
Computing[6].

2.2 Multiple Clock Domain Micr oarchitecture [41, 42,53, 55,56]

As clock frequeng increasesindfeaturesizedecreaseglock distribution andwire delayspresent grow-
ing challengeto the designer®f singly-clocled, globally synchronousystemsWe develop an alternatve
approachwhich we call a Multiple Clodk Domain (MCD) processqrin which the chip is divided into
several (coarse-grained3lock domains,within which independentoltageand frequeng scalingcanbe
performed42, 56]. Boundariedbetweendomainsarechoseno exploit existing queuestherebyminimiz-
ing interdomainsynchronizatiorcosts. We proposefour clock domains,correspondingo the front end
(including L1 instructioncache) integer units, floating point units, andload-storeunits (including L1 data
cacheandL2 cache).We evaluatethis designusinga simulationinfrastructurebasedon SimpleScalaand
Wattch. In an attemptto quantify potentialenegy savings independenof ary particularon-line control



stratgy, we useoff-line analysisof tracesrom a single-speedun of eachof our benchmarlapplicationgo

identify profitablereconfiguratiorpointsfor a subsequendynamicscalingrun. Dynamicrunsincorporate
a detailedmodelof interdomainsynchronizatiordelays,with latenciedor intra-domainscalingsimilar to

thewhole-chipscalinglatenciesof Intel XScaleand Transmetd.ongRuntechnologiesUsingapplications
from theMediaBenchQlden,andSPEC200®enchmarlsuites we obtainanaverageenegy-delayproduct
improvementof 20%with MCD comparedo a modest3% savingsfrom voltagescalinga singleclock and
voltagesystem.

Subsequent)yveinventanonline,hardware-basedalgorithmto dynamicallycontrolthefrequeng/voltage
of MCD [53]. Our approachwhich we call the Attad/DecayAlgorithm monitorsdifferencesn domain
inputqueueutilization over intenals of operation.Thealgorithmadjustghe frequeng andvoltageof ado-
mainif largedifferencesareobsered,andotherwisedecaygthefrequeng/voltagein smallincrementsOur
algorithmachiereson averagea 19.0%reductionin Enegy PerlInstruction(EPI),a3.2%increasen Cycles
PerlInstruction(CPl),a16.7%improvementin EnegyDelayProductanda Pover Savingsto Performance
Degradatiorratio of 4.6. Traditionalfrequeng/voltagescalingtechniquesvhich applyreductionglobally
to afully synchronougrocessoachiere aPaver Savingsto Performanc®egradatiorratio of only 23. Our
EnegyDelayProductimprovementis 85.5%o0f thatachiezed usingthe prior offline algorithm[56].

Wethendevisetechniquedor automatiansertionof reconfigurationnstructionsnto applicationsusing
profile-driven binary rewriting [41]. Profile-basedeconfiguratiorintroducesthe needfor “training runs”
prior to productionuseof agivenapplication put avoidsthe hardwarecompleity of on-linereconfiguration.
It also hasthe potentialto yield significantly greaterenegy savings. Experimentalresults(training on
smalldatasetsandthenrunningon larger, alternatve datasets)indicatethatthe profile-driven approactis
morestablethanhardware-basedeconfigurationandyieldsvirtually all of the enegy-delayimprovement
achieved via off-line analysis. Specifically the approachyields an average31% overall processoenegy
savingswith only a7% performancelegradationaresultwhichcompareseryfavorablywith thenearideal
offline approach56].

We alsoanalyzea simulatedAlpha 21264-like MCD microarchitecturén orderto identify the architec-
tural featuresof the processothatinfluencethe less-than-epectedperformancalegradationdueto inter
domainsynchronizationf55]. We shaw thatthe out-of-ordersuperscalaexecutionanddecouplingreatures
of ahigh performancemicroprocessomwhich allow lateny to be hidden,arethe samefeatureghatreduce
the performancealegradationimpactof the synchronizatiorcostsof an MCD processorin the caseof our
Alpha 21264-lilke processqrup to 94% of the MCD synchronizatiordelaysare hiddenanddo not impact
overallperformanceln addition,we shav thatby addingout-of-ordersuperscalagxecutioncapabilitiego a
simplermicroarchitecturesuchasan Intel StrongARM-like processqrasmuchas62% of the performance
degradationcausedy synchronizatiordelayscanbeeliminated.

Finally, we combineour adaptve processingndMCD techniquesn orderto improve performancg54].
We explore “upsizing” hardware resourcesn orderto improve performancerelative to an aggressiely
clocked baselingprocessorWe usea variantof our MCD processowith four independentlyclocked do-
mains. Eachdomainis streamlinedvith modesthardware structuredor very high clock frequeng. Key
structurescanthenbe upsizedon demando exploit moredistantparallelism,improve branchprediction,
or increasecachecapacity Althoughdoing sorequiresdecreasinghe associatedlomainfrequeny, other
domainfrequenciesreunafected.Measuringacrossa broadsuiteof applicationbenchmarksye find that
configuringjust onceper applicationincreaseperformanceyy an averageof 17.6%comparedo the best
fully synchronouslesign.Whenadaptingo applicationphasesperformancemprovesby over 20%.

A subsebf thiswork is summarizedn our articlein the [IEEE Micro specialissueonthe Top Picksfrom
MicroarchitectureConference§42]. OurongoingMCD work is describedn Section3.



2.3 Power-Efficient IssueQueueg[14, 16]

In additionto adaptve issuequeueswe devise several otherenegy-eficient issuequeueapproachesSer-

eralmicroprocessorsncludingthe Alpha 21264andPONER4, usea compactingatch-basedssuequeue
designwhich hasthe advantageof simplicity of designandverification. The disadwantageof this structure,
however, is its high power dissipation.We develop several differentissuequeuepower optimizationtech-
niquesthatvary notonly in their performancendpower characteristicdyut in how muchthey deviatefrom

the baselineimplementation. Thesetechniguesnclude fine-grainclock gating, non-compactiona novel

bankingschemeanddynamicadaptation.By developingandcomparingtechniqueghat build incremen-
tally on the baselinedesign,aswell asthosethatachiere higherpower savings througha moresignificant
redesigneffort, we quantify the extra benefitthe higher designcosttechniquesprovide over their more
straightforvard counterparts.

2.4 High-Speed,Power-Aware RegisterFiles[11, 12]

Modern superscalaprocessoraise wide instructionissuewidths and out-of-orderexecutionin orderto
increaseanstruction-leel parallelism(ILP). Becauseénstructionsmustbe committedin ordersoasto guar
anteepreciseexceptions,jncreasindLP impliesincreasinghe sizesof structuresuchasthe registerfile,
issuequeue,andreorderbuffer. Simultaneouslycycle time constraintdimit the sizesof thesestructures,
resultingin conflictingdesignrequirements.

To addresgheseissueswe devise a novel microarchitecturalesignedto overcomethe limitations of
a registerfile size dictatedby cycle time constraintg11]. Available registersare dynamicallyallocated
betweenthe primary programthreadand a future thread. The future threadexecutesinstructionswhen
the primary threadis limited by resourceavailability. The future threadis not constrainedoy in-order
commitrequirementsilt is thereforeableto examinea muchlargerinstructionwindow andjump far ahead
to executereadyinstructions. Resultsare communicatedackto the primary threadby warming up the
registerfile, instructioncache datacache andinstructionreusebuffer, andby resolvingbranchmispredicts
early Theproposednicroarchitecturés ableto getanoverall speedupf 1.17 over the baseprocessofor
ourbenchmarlset,with speedupsf upto 1.64.

The numberof physicalregisterswithin the processohasa directimpacton the size of the instruc-
tion window asmostin-flight instructionsrequirea new physicalregisterat dispatch.A large multiported
registerfile helpsimprove the ILP, but may have a detrimentaleffect on clock speedespeciallyin future
wire-limited technologies.We proposea registerfile organizationthat reducesegisterfile sizeandport
requirementgtherebysasing power) for agivenamountof ILP [12]. We useatwo-level registerfile organi-
zationto reduceregisterfile sizerequirementsanda banked organizationto reduceport requirements\We
demonstratempirically thatthe resultingregisterfile organizationshave reducedateng and(in the case
of the banled organization)enegy requirementgor similar instructionsper cycle (IPC) performanceand
improved instructionsper second(IPS) performancdn comparisorto a corventionalmonolithic register
file. Theseoptimizationsreduceregisterfile power dissipationby morethanafactorof four.

2.5 ReducingStatic Power in Micr oprocessoifunctional Units [22]

Staticenegy dueto subthresholdeakagecurrentis projectedto becomea major componenbf the total
enegy in high performancamicroprocessoraviany studiessofar have examinedandproposedechniques
toreducdeakagen on-chipstoragestructuresin this study staticenegy is reducedn theintegerfunctional
unitsby leveragingthe uniquequalitiesof dualthresholdvoltagedominologic.

Dominologic hasdesirablepropertieghatgreatlyreduceleakagecurrentwhile providing fastpropaga-
tion times. However, dueto the enegy costof enteringthe low leakagecurrentstate(sleepmode),domino



logic hasthusfar beenusedonly for leakagereductionin the long-termstandbymode. We examinethe
utility of thesleepmode(while consideringhe aforementionedosts)whenidle timesarerelatively short,
oneto afew hundredcycles,asis oftenthe casefor functionalunits.

We develop an analyticalenegy model suitablefor architecture-ieel analysis,and usethe modelto
explore the interactionof the applicationandtechnologyandthe effect on enegy andperformanceasthe
underlyingparameterarevaried,on a setof benchmarksOur resultsshawv thatif the leakageapproaches
the magnitudeasprojectedn theliterature,evenfor shortidle intervals asfew astencycles,anaggressie
policy of activatingthe sleepmodeat every idle periodperformswell anda morecomplex control stratgy
may not be warranted.We devise a novel approachcalled Gradual Sleep to reducethe enegy impactof
usingthesleepmodefor smalleridle periods.Thegradualsleeppolicy is ableto optimally exploit thesleep
modestatefor variousdegreesof staticpower, permittingthe samepolicy to be usedasthedesignis scaled
into moreaggressie technology

2.6 Multi-Thr eadedProcessorPower and NoiseReduction[23, 24, 25]

Theperformancandpower optimizationof dynamicsuperscalamicroprocessongequiresstrikingacareful
balancebetweenrexploiting parallelismandhardware simplification. Hardware structuresvhich areneed-
lesslycomplex mayexacerbateritical timing pathsanddissipatesxtra powver. Onesuchstructurerequiring
carefuldesignis the issuequeue. In a SimultaneoudMulti-Threading(SMT) processaqrit is particularly
challengingto achieve issuequeuesimplificationdueto the increaseditilization of the queueafforded by
multi-threading.

We invent new front-endpoliciesthat reducethe requiredinteger andfloating point issuequeuesizes
in SMT processor$25]. We explore both generalpoliciesaswell asthosedirectedtowardsalleviating a
particularcauseof issuequeudnefficiengy. Two policiesareparticularlyeffective andeasilyimplementable.
Thefirst countshenumberof instructionsn theissuequeudor eachthreadthatweredispatchedvith oneor
moresourceoperandsinavailable. Instructionsarenotfetchedfor agiventhreadf its countis abore agiven
threshold.Theotherpolicy predictswhenafetchedoadwill missin thedatacachdaterin thepipeline,and
maintainsa countof suchinstructionsfor eachthread. Again, no instructionfetchingoccursfor a thread
whosecountexceedsa threshold. For the samelevel of performancethe mosteffective combinationof
thesepoliciesreduceghe issuequeueoccupang by 33% for an SMT processomwith appropriately-siz
issuequeueresourcesresultingin a commensuratéevel of issuequeuepower savings without loss of
performance.

SMT processorsisoexacerbateghe inductive noiseproblemsuchthat more expensie electronicsolu-
tionsarerequiredevenwith the useof previously proposednicroarchitecturaapproachesWe usedetailed
microarchitecturakimulationtogetherwith the Pentium4 power delivery modelto demonstratéhe im-
pactof SMT on inductive noise,andto identify thread-specifienicroarchitecturateasondor high noise
occurrence$24]. We male the key obsenration thatthe presencef multiple threadsactuallyprovidesan
opportunityto mitigatethe cyclical currentfluctuationghatcausenoise,andproposehe useof a prior per
formanceenhancementechniqueto achieve this purpose.Specifically we demonstratehat the judicious
combinationof flushingwith dampingdramaticallyimprovesperformancendpower efficiency for agiven
guaranteeaoiselimit.

Ourongoingwork in power-efficient multi-threadings discussednh Section3.

2.7 Efficient On-Chip dc-dc Conversion[36, 37,38, 39]

A novel on-chipbuck corverteris designegndanalyzedisinglntel procesparameterandcircuitlibraries.
A high switchingfrequeng is thekey designparametethatsimultaneouslypermitsmonolithicintegration
andhigh efficiengy. A modelof theparasiticimpedancesf abuck corverteris developed.With thismodel,



a designspaceis determinedthat allows integration of active and passie deviceson the samedie for a
target technology An efficiengy of 88.4%at a switching frequeng of 477 MHz is demonstratedor a
voltagecorversionfrom 1.2-0.9volts while supplying9.5A averagecurrent.Theareaoccupiedoy thebuck
cornverteris 12.6mn? assumingan 80-nmCMOStechnology An estimateof the efficiency is shavn to be
within 2.4%of simulationat thetargetdesignpoint. Full integrationof a high-eficiengy buck corverteron
thesamedie with adual-Vp p microprocessois demonstratetb befeasible.

A low-voltage-swinglOSFETgatedrive techniquds proposedor enhancingheefficiengy characteris-
tics of the high-frequeng-switching dc-dccorverter Theparasiticpower dissipatiorof adc-dccorverteris
reducedby loweringthevoltageswingof the power transistorgatedrivers. A comprehense circuit model
of the parasiticimpedance®f a monolithic buck converteris presented Closed-formexpressiondor the
total power dissipationof a low-swing buck cornverterare proposed.The effect of reducingthe MOSFET
gatevoltageswingsis exploredwith the proposedcircuit model. A rangeof designparameterss evalu-
ated, permittingthe developmentof a designspacefor full integration of active andpassie devicesof a
low-swingbuck converteronthe samedie, for ataget CMOStechnology The optimumgatevoltageswing
of a powver MOSFETthatmaximizesefficieng is lower thana standardull voltageswing. An efficiency
of 88% at a switchingfrequeng of 102 MHz is achieved for a voltageconversionfrom 1.8to 0.9V with
alow-swingdc-dcconverterbasedn a 0.18&:m CMOStechnology The power dissipationof a low-swing
dc-dccorverteris reducedoy 27.9%ascomparedo a standardull-swing dc-dccorverter

2.8 Low Power Domino Logic [32, 33,34, 35]

A circuit techniqués presentedor reducingthe subthresholdeakageenegy consumptiorof dominologic

circuits. Sleepswitch transistorsare proposedo placeanidle dualthresholdvoltagedominologic circuit

into alow leakagestate. Thecircuit techniqueenhancethe effectivenesf a dualthresholdvoltageCMOS
technologyto reducethe subthresholdeakagecurrentby strongly turning off all of the high threshold
voltagetransistorsThe sleepswitchcircuit techniquesignificantlyreduceghe subthresholdeakagesnegy

ascomparedo both standardow-thresholdvoltageand dual thresholdvoltagedominologic circuits. A

dominoadderentersandleavesalow leakagesleepmodewithin asingleclock cycle. Theenegy overhead
of the circuit techniqueis low, justifying the activation of the proposedsleepschemeby providing a net
savingsin total power consumptiorduringshortidle periods.

Furthermorea variablethresholdvoltagekeepercircuit techniqueis proposedor simultaneoupower
reductionandspeedenhancementf dominologic circuits. Thethresholdvoltageof a keepertransistoris
dynamicallymodifiedduringcircuit operationto reducecontentioncurrentwithout sacrificingnoiseimmu-
nity. Thevariablethresholdvoltagekeepercircuit techniqueenhancesircuit evaluationspeecdby up to 60%
while reducingpower dissipationby 35%ascomparedo a standardlomino(SD) logic circuit. Thekeeper
sizecanbeincreasedvith the proposedechniquewhile preservinghe samedelayor power characteristics
ascomparedo a SD circuit. The proposediominologic circuit techniqueoffers 14% highernoiseimmu-
nity ascomparedo a SD circuit with the sameevaluationdelaycharacteristicsForward body biasingthe
keepertransistoris alsoproposedor improved noiseimmunity ascomparedo a SD circuit with the same
keepersize. It is shavn that by applying forward andreversebody biasedkeepercircuit techniquesthe
noiseimmunity andevaluationspeedf dominologic circuitsaresimultaneouslgnhanced.

2.9 On-Chip Power Distrib ution Network Optimization [43, 44, 45,46,47, 48]

Thedesignof power distribution networksin high-performancantegratedcircuitshasbecomesignificantly
more challengingwith recentadwancesin processechnologies.The inductive characteristicof several
typesof griddedpower distribution networksaredescribedTheinductancextractionprogramFastHenryis
usedto evaluatetheinductive propertieof grid structurednterconnectin power distribution gridswith al-



ternatingopowver andgroundlines,theinductancas shavn to vary linearly with grid lengthandinverselylin-

earlywith thenumberof linesin thegrid. Theinductancas alsorelatively constanivith frequenyg in these
grid structures. Thesepropertiespermit the efficient estimationof the inductive characteristicef power
distribution grids. To optimizethe procesf allocatingon-chipmetalresourcesnductance/area/rissance

tradeofs in high speedperformancalistribution grids areexplored. Two tradeof scenariosn power grids
with alternatingpower andgroundlinesareconsidered.

Furthermoreason-chipcurrentsexceediensof amperesndcircuit clock periodsarereducedvell belov
ananosecondhesignalintegrity of on-chippower supplyhasbecomea primary concernin theintegrated
circuit design.The scalingbehaior of theinductive andresistancevoltagedropsacrosshe on-chippower
distribution networks is analyzed. The existing work on power distribution noisescalingis reviewed and
extendedo includethescalingbehaior of theinductancef theon-chipglobalpower distribution networks
in high-performancdlip-chip packagedntegratedcircuits. As the dimensionf the on-chipdevicesare
scaledby S, whereS > 1, the resistive voltage drop acrossthe power grids remainsconstantand the
inductive voltagedrop increasedy S, if the metal thicknessis maintainedconstant. Consequentlythe
signal-to-noiseatio decreaseby S in the caseof resistve noiseandby S? in the caseof inductive noise.
As comparedo the constanimetalthicknessscenariojdeal interconnecscalingof the global power grid
mitigatesthe unfavorablescalingof the inductive noisebut exacerbateshe scalingof resistie noiseby a
factorof S. On-chipinductive noisewill, thereforepecomeof greateisignificancewith technologyscaling.
Carefultradeofs betweertheresistancandinductancef thepower distribution networkswill benecessary
in nanometetechnologie$o achieze minimumpower supplynoise.

2.10 Inductive InterconnectWidth Optimization for Low Power [26, 27]

Thewidth of aninterconnectine affectsthetotal powver consumedy a circuit. A tradeof exists,however,
betweenthe dynamicpower and the short-circuitpower in determiningthe width of inductive intercon-
nects.The optimumline width thatminimizesthetotal transienfpower dissipationis determinedA closed
form solutionfor the optimumwidth with an error of lessthan6% is presented For a specificsetof line
parameterandresistvities, the power is reducedby almost80% ascomparedo a minimumwire width.
Consideringhedriver sizein thedesignprocessthe optimumwire anddriver sizethatminimizesthetotal
transientpower is alsodetermined.Furthermorethe useof similar optimizationtechniquesn repeatered
linesresultsin a65%reductionin powerand97%reductionin delay

2.11 Low Power VoltageInterface Cir cuit [40]

A bi-directional CMOS voltageinterface circuit is proposedor applicationsthat require signal transfer
betweentwo circuits operatingat differentvoltagelevels. The circuit canalsobe usedasa level corverter

atthe driver andrecever endsof long interconnectines for low swing applications.The operationof the

voltageinterfacecircuit is verified by bothsimulationandexperimentakestcircuits. The proposed/oltage

interfacecircuit operatesat high speedwhile offering significantpower savings of up to 95% ascompared
to existing schemes.

2.12 Variable Clock FrequencyCir cuit [52]

A circuit to dynamicallyreconfigurethe clock frequeng of a synchronousligital systemaccordingto the
changingneedsof the applicationis developed. The circuit changeghe clock frequeng with a minimal
time penaltyandoffersglitch free,reliableoperation.



2.13 Micr oarchitecture and Cir cuit Simulation Infrastructur e

In orderto performourresearchwe developeda sophisticate@rchitecturecircuit, andapplicationprofiling
infrastructurefor performancepower, andnoisemodeling. This toolsetis readily availableto theresearch
communityandhasbeenadoptedy seseralgroups.

3 Ongoing Work

Thefollowing summarizesurongoingworkin adaptve processin@ndthedevelopmenbf realizableMCD
processors:

e Simultaneouperformanceand enegy optimization.Our efforts in thesetwo areashave beenlargely
focusedon reducingenegy with minimal performancédoss. Ourwork in [54] demonstratethatper
formancecanbeimprovedusingadaptve processingvithin anMCD processorHowever, this effort
exclusiely focusedon performanceandignoredenepy efficiengy; we alsousedadaptvity in only
a subsewf the potentialcandidates Moreover, we have not begunto explore how to combinethis
approachwith fine-graindynamicfrequeng scaling[41, 53] within MCD. We believe that exploit-
ing the naturalsynegy betweertheseapproachewvill yield bothincreasegerformanceandgreater
enegy efficiengy.

e Adaptiveprocessingand multi-threading Thusfar, we have exploredsingle-threadedrchitectures,
whereaghe useof SMT is rapidly gainingmomentumin the sener, desktop,and embeddednar
ketplaces.We believe thatthe useof multiple threadsmakesfor an even more compellingcasefor
adaptve processingandMCD, dueto the variationin the numberof threadshat may be runningat
ary giventime. For instancemary parallelapplicationshave a substantiabequentiacomponent,
andthis singlethreadmay run sub-optimallyonan SMT supportingfour threadsdueto the particular
tradeoff madebetweernresourcesize andclock speedat designtime. Alternatively, multi-threaded
performancemay be tradedoff at designtime by the needto have goodsinglethreadperformance.
Adaptive processingwithin an MCD designcan be usedto optimize the microarchitectureo the
numberof actve threadsandtheir characteristics.

e Optimizingboth dynamicand leakaye enegy. Although therehave beenisolatedefforts to reduce
leakageenepgy usingadaptationpur adaptve processingand MCD efforts to datehave largely ad-
dresseddynamicpower. A comprehense study of how bestto optimize combineddynamicand
leakageenegy needdo beundertakn. As partof this effort, efficient dynamicvoltagescalingdc-dc
converters,adaptve bodybiasgeneratorsandvoltageinterfacecircuitsarebeingdeveloped.

¢ Reducingthe numberof required processorcores. The ubiquity of computingis leadingto the de-
velopmentof mary customizedorocessodesignsgearedtowardsa particularclassof applications.
Thisrequiresithermary processodesignteamsproducingseveralcustom-designecdoresin parallel
(therebygreatlyincreasinglesigncosts)or thedevelopmenbof synthesizedoresthatareperformance
andenegy sub-optimal. An openquestions whethera single,customdesignedadaptve MCD pro-
cessorconstrainedso asnot to unduly increasadesigntime anddie area,canprovide a compelling
technicalandeconomicalternatve to several customcoredesigns We intendto performa compara-
tive evaluationof whatenvironmentsandto what degreeanadaptve MCD processomight provide
anadwantageover designingmultiple customcores.

e Designsimplifications.lssuesof designandverificationcompleity may easilyoverrideimpressie
performanceand enegy savings. We have identified designsimplificationsthat still provide good
results,in orderto easethe practicalimplementationof theseideas. We have alreadymadegood
headvay in this effort with ourIBM collaboratorswho have shavn greatinterestin the MCD design.

9



In addition,wearecontinuingourwork in enegy-efiicient multi-threadegrocessorsWe have developed
a simulationinfrastructurefor the explorationof ClusteredMulti-Threaded(CMT) processorsin which
multiple threadssharethe resource®f a clusteredmicroarchitecturén a dynamicmanner Our prelimi-
naryresultsarevery promising,shaving a significantreductionin power comparedo SMT while yielding
competitve performanceandwererecentlypresentedt Intel andIBM.
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